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Abstract Red blood cells (RBCs) in microchannels has tendency to undergo axial migration due to the 
parabolic velocity profile, which results in a high shear stress around wall that forces the RBC to move 
towards the center induced by the tank treading motion of the RBC membrane. As a result there is a 
formation of a cell free layer (CFL) with extremely low concentration of cells. Based on this phenom-
enon, several works have proposed microfluidic designs to separate the suspending physiological fluid 
from whole in vitro blood. This study aims to characterize the CFL in hyperbolic-shaped microchan-
nels to separate RBCs from plasma. For this purpose, we have investigated the effect of hyperbolic 
contractions on the CFL by using not only different Hencky strains but also varying the series of con-
tractions. The results show that the hyperbolic contractions with a Hencky strain of 3 and higher, sub-
stantially increase the CFL downstream of the contraction region in contrast with the microchannels 
with a Hencky strain of 2, where the effect is insignificant. Although, the highest CFLs thickness oc-
cur at microchannels with a Hencky strain of 3.6 and 4.2 the experiments have also shown that cells 
blockage are more likely to occur at this kind of microchannels. Hence, the most appropriate hyperbol-
ic-shaped microchannels to separate RBCs from plasma is the one with a Hencky strain of 3. 
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Introduction 
Red blood cells (RBCs) are the most abundant kind of cells that flows within the human circulatory 
system. Additionally they are responsible for the supply of oxygen and nutrients to the body and 
removal of carbon dioxide and metabolic wastes from tissues. In microcirculation, blood flow 
behaviour depends on several combined effects such as cell deformability, flow shear rates and 
geometry of the microvessel [1, 2]. 
A well-known physiological phenomenon happening in microcirculation, named as the Fåhræus 
Lindqvist effect, is the tendency of the RBCs to migrate to the centre of the microchannel and 
consequently leading to the formation of two phases, i. e., a flow core with mainly RBCs and a cell 
free layer (CFL). The CFL formation in microvessels reduces the apparent viscosity of blood and by 
increasing the CFL thickness implies lower blood viscosity. Therefore, the CFL thickness can be 
influenced by rheological parameters and flow rate. The CFL is known to control the nitric oxide (NO) 
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scavenging effects (push NO from tissue to RBCs) by RBCs and it may lead to heterogeneous 
distribution of blood cells in microvascular networks [3-5]. It is of great importance to understand the 
behaviour of the CFL in microcirculation as it contributes to the rheological properties of blood 
flowing in microvessels. In this context, Yaginuma et al. (2013) [11] demonstrated that microfluidic 
devices, composed of a hyperbolic contraction followed by an abrupt expansion, are able to perform 
separation of RBCs from plasma. Hence, the main objective of this work is to perform a more detailed 
investigation on the effect of the extensional flow field in the formation of the CFL in microfluidic 
devices. This investigation will bring new insights for the development of microfluidic devices for 
medical purposes, as for instance separating blood cells from whole blood, including the separation of 
healthy and infected cells in blood. Additionally, in vitro experiments are useful not only to gain 
further insights into the mechanisms related with CFL formation but also as a valuable tool to develop 
and validate multiscale vascular computational models. 
The progresses in microfabrication, visualization and image analysis techniques made it possible to 
develop microfluidic devices able to precisely measure and manipulate the flow of blood cells through 
microchannels. The advantage of the microfluidic systems to test a large number of cells using a small 
volume of blood has promoted a large amount of research in the field of biomicrofluidics [1, 2, 6, 7]. 
Furthermore, lab-on-a-chip technology combines portability, integration and automation in a single 
chip, and is thus a promising platform for point-of-care devices, which may be particularly useful for 
detection and diagnosis of circulatory disorders. 
The flow of blood in physiological conditions typically involves large deformation rates. Therefore, 
valuable information can be obtained from the characterization of blood under conditions of 
extensional flow, since these can be encountered in the human body and medical devices when the 
fluid flows from a wide to a narrow region of the microchannel. Some examples are the flow in 
microstenosis, flow in microvascular networks composed of bifurcations or small irregular vessel 
segments and in flow through syringe needles. Nevertheless, despite the recognized relevance of this 
nonlinear canonical flow in hemodynamics, the vast majority of blood flow measurements were 
performed under shear flow conditions whereas those under extensional flow conditions are scarce. 
Recently, Lee et al. (2009) [8], Faustino et al. (2009, 2010) [9, 10], Yaginuma et al. (2013) [11] and 
Sousa et al. (2011) [12] studied the effect of the extensional flow in a hyperbolic converging 
microchannel using animal blood, human blood and blood analogue fluids, respectively. The 
importance to study these types of geometries is mainly due to their ability to impose a constant strain 
rate along the centreline [13, 14] and consequently generate strong extensional flows. The flow 
behaviour under extensional flow is known to be different from that under shear flow conditions.  
Sousa et al. (2011) [12] investigated the flow behaviour of two viscoelastic fluids, known as blood 
analogue fluids, and concluded that despite their similar shear rheology, the behaviour under a strong 
extensional flow is different due to differences in the elastic components of both solutions.  Recently, 
Brust et al. (2013) [15] also found that blood plasma revealed a different rheological behaviour when 
experiencing a shear or an extensional flow. Although a Newtonian behaviour was observed in shear 
flow, a viscoelastic behaviour was found in pure extensional flow with the relaxation time of plasma 
being measured in uniaxial extensional flow using a capillary break-up extensional rheometer, with 
reported values of a few milliseconds. 
In the present work, we used hyperbolic-shaped microchannels in order to investigate the formation 
of the CFL. In contrast, with the work performed by Yaginuma and co-workers [11], in this study we 
have used hyperbolic contractions with different Hencky strains (), which is defined as:= ln 
(width of the channel/width of the throat). Hence, the current work has performed, for the first time, in 
vitro blood experiments in hyperbolic-shaped microchannels with different Hencky strains, in order to 
assess the effect of the extensional flow on the CFL thickness. In addition, knowing that viscoelastic 
fluids subjected to extensional effects are enhanced when a sequence of hyperbolic-type contractions 
are used [16], the current study have tested series of elements containing hyperbolic contractions 
followed by an abrupt expansion in order to evaluate the separation of RBCs from blood plasma.  
In summary, we have employed for the first time microchannels with different Hencky strains and a 
series of hyperbolic elements followed by an abrupt expansion in order to provide quantitative 
information of the CFL thickness. 
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 Materials and Methods 
Working fluids and microchannel geometry  
The fluid used in this study was the dextran 40 (Dx40) containing about 5 % of haematocrit (i.e. 
Hct = 5%) by volume of RBCs. The samples of blood were collected from an ovine and K-EDTA was 
added in order to prevent coagulation. The RBCs were washed twice with a physiological saline (PS) 
solution and diluted with Dx40 to make up the required RBC concentration. All blood samples were 
stored hermetically at 4 ºC, until the experiments have been performed at room temperature. 
The microchannels evaluated in this work were fabricated using a soft-lithography technique [17] 
which consist of hyperbolic-shaped microchannels with four different  (2, 3, 3.6 and 4.2) and 
varying the number of series of hyperbolic contractions (1, 10 and 20). More detail about the 
microchannels geometries and dimensions can be found in Table 1, Figure 1, 2 and 3.  
Table 1. Hencky strain ( for the various microchannels tested. 
Microchan
nel Number 
Hencky 
Strain () 
Number of 
Hyperbolics 
A1 2 1 
A2 2 10 
A3 2 20 
B1 3 1 
B2 3 10 
B3 3 20 
C1 3.6 1 
D1 4.2 1 
Figure 1 and 2 shows the main dimensions of the microchannels with a of 2 (A1, A2 and A3) 
and of 3 (B1, B2 and B3), respectively.  
 
Figure 1. Main dimensions of the microchannels (A1, A2 and A3) and blood flow visualizations obtained by 
using the Zproject plugin from ImageJ. The depth of the microchannels is 50 µm. 
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Figure 2. Main dimensions of the microchannels (B1, B2 and B3) and blood flow visualizations obtained by us-
ing the Zproject plugin from ImageJ. The depth of the microchannels is 50 µm. 
Figure 3 shows the main dimensions of a microfluidic device having a single hyperbolic 
contraction with a of 3.6 (C1) and 4.2 (D1). 
 
 
Figure 3. Main dimensions of a microfluidic device having a hyperbolic contraction with a of 3.6 (C1) and 
4.2 (D1) and blood flow visualizations. The depth of the device is 50 µm. 
 
Experimental set-up 
The high-speed video microscopy system used consists of an inverted microscope (IX71, Olympus, 
Japan) combined with a high-speed camera (FASTCAM SA3, Photron). All the microfluidic devices 
were placed on the stage of the inverted microscope. A syringe pump (Harvard Apparatus PHD 
ULTRA) was used to produce a constant flow rate of about 10 L/min (Reynolds number about 0.2). 
The high-speed video microscopy system used to control, visualize and measure the working fluid 
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flowing through the hyperbolic-shaped microchannels can be found elsewhere [18. 
 
Image Analysis 
The image sequence were captured around the middle of the microchannels, at a rate of 3000 
frames/s and a shutter of 1/7500, then all videos were transferred to the computer and evaluated in the 
ImageJ Software (NIH). 
A manual tracking plugin (MTrackJ), of the image analysis software ImageJ was used to track 
individual RBC flowing around the boundary of the RBCs core. Moreover, the nearest wall position 
was measured so the distance between the tracked RBCs (more than ten cells) and the wall can be 
calculated. As a result, it is possible to obtain the CFL thickness. The procedure to track individual 
RBCs is presented and discussed in more detail elsewhere [7, 19]. 
Results and Discussion  
In this section the results of the flow visualizations are presented and discussed, as well as the 
effect of hyperbolic-shaped microchannels on the CFL thickness, is evaluated.  
Figure 4 shows the tracking of a representative individual RBC flowing around the boundary of the 
RBCs core at hyperbolic microchannel with a H = 2 and with one (A1) ten (A2) and twenty (A3) 
series of hyperbolic contractions. The tracking was measured upstream of the hyperbolic contraction 
and it was investigated the effect of having only one (A1), ten (A2) and twenty (A3) elements 
containing this kind of hyperbolic contraction. 
 
Figure 4. Trajectory of an individual RBC flowing around the CFL and upstream of a hyperbolic contraction 
with a H = 2 and with one (A1) ten (A2) and twenty (A3) series of hyperbolic contractions. 
Figure 5 shows the tracking of an individual RBC flowing around the boundary of the RBCs core 
and downstream of a hyperbolic contraction with equal to 2 and with one (A1), ten (A2) and 
twenty (A3) series of hyperbolic contractions. These qualitative results show that this kind of 
hyperbolic microchannel does not enhance the CFL thickness at the downstream region. Additionally, 
the results indicate that by increasing the number of hyperbolic contractions, the CFL thickness is not 
affected. In contrast, with microchannels having a hyperbolic contraction with a  equal to 3, 3.6 and 
4.2, the CFL thickness downstream of the contraction is enhanced.  
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Figure 5. RBC trajectory located around the CFL and downstream of a hyperbolic contraction with H of 2 
and with one (A1), ten (A2) and twenty (A3) series of hyperbolic contractions. 
Figure 6 shows a RBC trajectory flowing around the boundary of the RBCs core and downstream of 
a hyperbolic contraction with a of 3 and with one (B1) ten (B2) and twenty (B3) series of 
hyperbolic contractions. In this Figure it is possible to observe that the CFL thickness tend to increase 
with the increment of hyperbolic contractions. Although not shown here, the CFL thickness upstream 
the contraction is close to the value observed for the microchannels with a  equal to 2 (A1, A2 and 
A3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. RBC trajectory flowing around the boundary of the RBCs core and downstream of a hyperbolic con-
traction with a of 3 and with one (B1) ten (B2) and twenty (B3) series of hyperbolic contractions. 
 
To obtain a quantitative evaluation of the hyperbolic contractions effect, more than ten individual 
RBCs were tracked for each microchannel with  ofA1, A2, A3, 3 (B1, B2, B3), 3.6 (C1) and 
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4.2  (D1). The results shown in Figure 7 demonstrate that the  has a strong effect on the CFL 
thickness as it is observed a significant increase of the CFL with increasing . Experiments with 
different flow rates (5 and 15 L/min) were also performed. The results corroborate with past studies 
[6, 11] were they found that flow rate has a weak effect on the downstream CFL. Additionally, Figure 
4 shows that the highest CFLs thickness occur at microchannels with a of 3.6 and 4.2. However, 
during our experiments we have found that microchannels having of 3.6 and 4.2, cells blockage 
and clogging are likely to occur at the contraction outlet. In contrast, such a problem did not happen at 
the microchannels with a of 3. Hence, we believe that microchannels having hyperbolic contraction 
with a  = 3 are the most appropriate to separate RBCs from plasma. 
 
Figure 7. CFL thickness upstream and downstream of the hyperbolic contraction with a Hencky strain of 2 (A1), 
3 (B1), 3.6 (C1) and 4.2 (D1). Note that the results were obtained with a single hyperbolic contraction. 
Figure 8 shows the CFL thickness upstream and downstream of the hyperbolic contraction with a 
= 2 and with one (A1) ten (A2) and twenty (A3) series of contractions. These results show clearly 
that this kind of hyperbolics contractions (Hencky strain 2) does not interfere in the CFL thickness. 
Additionally, the contraction increment does not enhance the CFL thickness.  
 
Figure 8. CFL thickness upstream and downstream of the hyperbolic contraction with a Hencky strain of 2 and 
with one (A1) ten (A2) and twenty (A3) series of hyperbolic contractions. 
 
In contrast, the results shown in Figure 9 indicate that the hyperbolic contraction with a  = 3 
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promotes the increasing of the CFL thickness downstream of the contraction. In this microchannel, the 
higher value of the  or total deformation experienced by the cells, indicates that the extensional 
flow is enhanced. On the other hand, it is important to note that the shear effects in the narrow part of 
the microchannel with H = 3 can be more significant than in the microchannel with H = 2 16.  
Moreover, it is also clear that the enhancement is more pronounced by increasing the number of the 
series of contractions. It is possible to observe an increase higher than twelve times in the CFL 
thickness when comparing the results obtained with the microchannel A3 (H = 2) and B3 (H = 3). 
 
 
Figure 9. CFL thickness upstream and downstream of the hyperbolic contraction with aof 3 and with one 
(B1) ten (B2) and twenty (B3) series of hyperbolic contractions. 
The present results corroborate the study performed by Yaginuma et al. (2013)[11], where by using 
a single hyperbolic contraction with a  = 3, they have showed that for this particular hyperbolic 
contraction the downstream CFL enhanced by nearly ten times relatively to the CFL upstream of 
contraction region.  
The present study shows for the first time that by increasing the number of series of hyperbolic 
contractions (= 3) the downstream CFL thickness can increase up to sixty times relatively to the 
CFL upstream of contraction region (cf. Figure 9). In contrast, with hyperbolic contractions with a 
= 2, this phenomenon does not happen. A possible explanation for these results is that the CFL 
tends to increase both with the strain rate and with the time that RBCs spend within the hyperbolic 
contraction. However, this study clearly indicates that the strain rate has a stronger effect as the tested 
series of hyperbolic contractions with a = 2 had a weak effect on the thickness of the downstream 
CFL. Further detailed investigations by studying hyperbolic microchannels with different need to 
be conducted, in order to elucidate the true effect of hyperbolic contractions on the enhancement of the 
downstream CFL. In addition, experiments using microchannels with different depths can help in 
understanding the influence of the shear effects in the formation of the CFL downstream of the 
hyperbolic elements. 
Conclusions 
Four different hyperbolic microchannels, with Hencky strains of 2, 3, 3.6 and 4.2 were tested and 
compared. Additionally, series of hyperbolic contractions were investigated in order to elucidate its 
effect on the downstream CFL. 
In general, the reported results show evidence that the hyperbolic contractions with a Hencky 
strains of 3, 3.6 and 4.2 have a strong impact on the CFL thickness. However, our experiments have 
shown that cells blockage and clogging are likely to occur at microfluidic devices having hyperbolic 
contractions with a of 3.6 and 4.2. In contrast, such limitation did not happen at the microchannels 
with a of 3. Additionally, by using series of hyperbolic elements with a of 3, our results have 
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shown a strong effect on the thickness of the downstream CFL. Hence, these results demonstrate that, 
for clinical applications, the most appropriate hyperbolic microchannel to separate RBCs from plasma, 
is the one with a Hencky strain of 3. 
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